Objective: The evidence for the association between obesity and the risk of type 2 diabetes has been derived mainly from the analysis of the degree of obesity. The role of the duration of obesity as an independent risk has not been fully explored. The objective of the present study was to investigate the association between the duration of obesity and the risk of type 2 diabetes. Design: Prospective cohort study. Setting: The Framingham Heart Study (FHS), follow-up from 1948 to 1998. Subjects: A total of 1256 FHS participants who were free from type 2 diabetes at baseline, but were obese on at least two consecutive of the study's twenty-four biennial examinations, were included. Type 2 diabetes status was collected throughout the 48 years of follow-up of the study. The relationship between duration of obesity and type 2 diabetes was analysed using time-dependent Cox models, adjusting for a number of covariates. Results: The unadjusted hazard ratio (HR) for the risk of type 2 diabetes for men was 1?13 (95 % CI 1?09, 1?17) and for women was 1?12 (95 % CI 1?08, 1?16) per additional 2-year increase in the duration of obesity. Adjustment for sociodemographic variables, family history of diabetes, health behaviour and physical activity made little difference to these HR. For women the evidence of a doseresponse relationship was less clear than for men, particularly for women with an older age at obesity onset. Conclusions: The duration of obesity is a relevant risk factor for type 2 diabetes, independent of the degree of BMI.
Obesity is clearly associated with type 2 diabetes. Quantification of this association has primarily been accomplished by considering the severity of body weight at one point in time and relating this to the prevalence or incidence of diabetes. The duration of a person's obesity has not been included in risk-prediction equations (1, 2) nor has it been taken into account in calculating the population burden of diabetes (1) . The potential impact of duration of obesity as an independent risk factor has been neglected. It seems surprising that the risk of diabetes would be identical for people who have been obese for 1 year and who have been obese for 20 years. We hypothesise that such an approach underestimates the association between obesity and risk of type 2 diabetes. With the earlier age of onset, and consequently, duration of obesity in the community increasing, accurate estimates of these relationships are essential for accurate estimation of the future burden of diabetes (2) . The potential importance of the duration of an exposure to disease risk has been acknowledged in many epidemiological studies. For example, in the 1970s several studies showed that the duration of smoking is more important than the intensity of smoking in causing lung cancer (3, 4) . However, there is a lack of studies examining the association between the duration of obesity and the risk of several chronic diseases. Only six studies have specifically examined the association between the duration of obesity and type 2 diabetes (5) (6) (7) (8) (9) (10) . Although four of these found a relationship between increased duration of obesity and increased risk of type 2 diabetes, two did not (9, 10) . Most of these studies had limitations in the methodology of measuring the duration of obesity. In all but two studies, the measurement of the duration of obesity was retrospective, and relied on the recall of body weight, by asking the history of weight at certain ages (5, 7, 9, 10) . It has been pointed out that the recalled body weight approach can induce a significant bias (11, 12) . Only two studies analysed prospective data from longitudinal cohort studies (5, 8) . The first of these was conducted in a very specific cultural population setting, the Gila River Indian community of Southern Arizona, where the prevalence of obesity and diabetes is relatively high compared with other populations (13) . In addition, the results were reported as an incidence of diabetes per person-years of obesity adjusted only for sex, age and current BMI. Other important confounders such as the age of onset of obesity and health behavioursrelated variables were not adjusted for. In the second cohort study (8) , the duration of obesity was estimated only from observations at two 5-year intervals. Clearly, a more accurate estimation of the relationship between the duration of obesity and the risk of type 2 diabetes is required.
The aim of the present study was to examine whether the duration of obesity is a risk factor for type 2 diabetes, independent of degree or severity of BMI and other risk factors, using prospectively measured body weight in a long-term cohort study with relatively short intervals between successive examinations.
Research design and methods

Data source
We used data from the original cohort study of the Framingham Heart Study (FHS) (14) . This cohort study followed up participants (aged 28-62 years at the time of enrolment) for approximately 48 years with examinations at 2-year intervals. Body weight and height were measured every 2 years along with many other potential risk factors of chronic diseases (15) . For our analysis, the inclusion criteria were participants having a BMI of $30?0 kg/m 2 in at least two consecutive examinations during the study, and being free from type 2 diabetes before the onset of obesity (n 1256).
Duration of obesity
The beginning of an individual's obesity interval was defined as the first examination of their period of two consecutive occurrences of obesity and the individual was considered to be continuously obese until the first of two consecutive non-obese examinations, death, diagnosis with type 2 diabetes or the end of study for the participants alive until examination 24. Defining the onset of obesity as two consecutive obesity measurements (correlating with approximately 2 years of being continuously obese) accommodated potential misclassification of body weight, particularly between the upper borderline of the 'overweight' BMI category and the lower borderline of the 'obesity' category. Table 1 presents a hypothetical data set to illustrate our definition of duration of obesity. The obesity interval for participant C begins at the fourth examination and ends at the fourteenth, their last examination, a total of 20 years. For participant E, the starting point was from examination 12, not from 6 since this participant was not obese in the following examination 7. In the case of participant F, there were two starting and ending times according to our definition. The first stating point was at examination 4 and the second starting point was at All participants illustrated in the table meet the inclusion criterion of being obese on at least two consecutive examinations. Those who were never obese, or obese but not on at least two consecutive examinations, were not included in the analysis. Participants A, B, E and F were still alive at the end of study. Participant C was diagnosed with type 2 diabetes, died or was censored before examination 15; participants D and G were diagnosed with type 2 diabetes, died or were censored before examination 21 and 23, respectively. examination 9. The duration of obesity was the sum of these periods of obesity. In the analysis, the duration of obesity was considered to be a time-varying variable with values at a given examination given by the cumulative sum of the duration of obesity to that examination.
Measurement of other variables
Baseline measurements were used for variables that did not vary over time and for age. The age of participants was defined as years from date of birth to baseline of study. Education at baseline was grouped into four categories (8th grade or less, high school, college and postgraduate). Ethnicity was categorised as born in the USA or outside the USA. Family history of diabetes was measured at examination 7. Age of onset of obesity was determined as the age when a participant was categorized for the first time as being obese. For participants who were obese at baseline, the age of onset of obesity was their age at the baseline examination. Current marital status, smoking, alcohol consumption and physical activity were included as time-varying variables. Marital status was grouped into three categories (single, married and widowed, divorced or separated). Current smoking status was positive if the participant had smoked regularly in the past year. The average number of cigarettes smoked every day was also included. These variables were measured by intervieweradministered standard questionnaires in all twenty-four examinations. Alcohol consumption was measured in ounces per month, but only in eight examinations (2, 4, 7, 19, (20) (21) (22) (23) . Physical activity was collected as a continuous score, derived from the number of hours individuals spend daily at different activity levels (16) , in four examinations (4, 11, 12, 19) .
Measurement of the outcome and time to event
A person was defined as having type 2 diabetes if the participant had taken insulin and/or an oral hypoglycaemic agent, or if an individual's fasting plasma glucose was .200 mg/dl at a given examination. This was the definition that FHS used to categorise participants with diabetes and it is in line with the criteria for type 2 diabetes from the WHO (17) . We defined the date of diabetes incidence as the mid-point between the day of the first examination a participant was recorded as diagnosed with type 2 diabetes and the day of the previous attended examination. Individuals who died or reached the end of the follow-up (examination 24) before developing diabetes were censored at date of death or examination 24.
Missing values and imputation
There were missing data in the FHS, as is typical in longitudinal studies. With the exception of BMI, missing values were imputed using the values in the previous examination or the values in the following examination, whichever examination was closer in time. BMI was imputed with a conditional mean estimated by a multiple predictive linear regression model using age at prior examination, sex and several transformations of the previous BMI data (BMI, log BMI, BMI squared and BMI as a categorical variable).
Data analysis
The relationship between the duration of obesity and incidence of type 2 diabetes was described as a hazard ratio (HR) from a Cox proportional hazards regression using cumulative duration of obesity as a time-dependent covariate (18) . The same analysis method was used to subsequently adjust the HR for the time-independent variables of sex, baseline age, age of onset of obesity, education, ethnicity, family history of diabetes and for the time-varying variables of marital status, BMI (per unit BMI), smoking, physical activity and alcohol consumption.
Duration of obesity was included in analyses in one of two exposure model forms; first as a continuous variable assuming a linear dose-response relationship, and second as a four-category variable with categories: #5, 5-14, 15-24, $25 years. We performed all analyses separately for men and women, including analyses further stratified by age of onset of obesity. In an analysis of all participants, we included an interaction term between sex and duration of obesity to test whether the relationship between the duration of obesity and incidence of type 2 diabetes was the same for men and women. The analyses were performed using the STATA statistical software package version 10?0 (StataCorp, College Station, TX, USA) (19) .
Sensitivity analyses
A sensitivity analysis was performed to examine whether the association between the duration of obesity and type 2 diabetes incidence might be influenced by the imputation methods of the missing values. To test this assumption, an analysis was performed that included only participants with no missing values of BMI in any examinations. A sensitivity analysis was also performed to test the impact of unknown age of onset of obesity for those obese at baseline by analysing only those without obesity at baseline. The effect of defining duration using two consecutive occurrences of obesity was tested by analysing a simple count of examinations with obesity as a measure of duration. In addition, a sensitivity analysis was also performed comparing the effect of being continuously obese with interrupted periods of obesity.
Results
The inclusion criteria of no diabetes before onset of obesity and obesity on two consecutive examinations were met by 1256 participants. In all, 47 % of these participants were obese at study baseline and the rest became obese during follow-up; 2 % of the participants were obese continuously from onset of obesity until the end of follow-up. Most people started not obese, then became obese and remained continuously obese till the end of the follow-up. The average duration of followup was 31 years and the mean duration of obesity was 15 years (range from 2 to 46 years). Of the 1256 participants included, 279 (22 %) were diagnosed as having type 2 diabetes during follow-up. The characteristics of these participants are presented in Table 2 .
Assuming a linear relationship, the unadjusted HR for the incidence of type 2 diabetes for each additional 2 years of obesity duration was 1?13 (95 % CI 1?09, 1?17) for men and 1?12 (95 % CI 1?08, 1?16) for women. Adjustment for the key demographic behavioural variables alone (model A) did not substantially change the HR for either men or women. However, after additional adjustment for time-varying BMI (model B) or adjustment for age of onset of obesity (model C), the HR per additional 2 years increase in the duration of obesity was higher in men than in women (Table 3) .
In addition to varying according to sex, the effect of additional 2 years' increase in the duration of obesity on type 2 diabetes differed according to the age of onset of obesity categories (Table 4 ). For men with an age of onset of obesity ,50 years, the adjusted HR (model A) of type 2 diabetes per additional 2 years' increase in obesity duration was 1?11 (95 % CI 1?04, 1?17) and for those whose age of onset of obesity was $50 years, HR 5 1?22 (95 % CI 1?10, 1?34). For an age of onset of obesity ,50 years, women had a similar dose-response relationship to men. When the duration of obesity was included in the analyses as categories, there was a significant difference in the crude risk of incident type 2 diabetes among the different categories of the duration of obesity. In Table 3 , the appropriateness of a dose-response relationship was clear for men. The adjusted HR (model A) in men who were obese for 5-14 years was more than two times higher than in those obese for #5 years. For men who were obese for 15-24 years the risk of diabetes was three times higher and approximately six times higher in those obese for $25 years compared with men obese for #5 years. However, for women, there was no clear dose-response relationship across these categories after full adjustment. When fully adjusted, the risk of type 2 HR, hazard ratio. *HR adjusted for sociodemographic variables, i.e. sex, age at baseline, marital status, educational levels, ethnicity (born in the USA or outside the USA), family history of diabetes (at examination 7); and time-varying health behaviour variables, i.e. smoking, alcohol consumption and physical activity.
diabetes in women appeared to increase sharply for durations 5-14 years compared with #5 years, but thereafter remained at the same elevated risk (Table 3) . When the analyses were stratified by both age of onset of obesity and sex, the appropriateness of a doseresponse relationship was clear for women with an onset of obesity of ,50 years of age (Table 4 ). In women with an age of onset $50 years, despite there being evidence of a linear dose-response relationship, the absence of a dose-response relationship across the categories of extended periods of obesity duration suggests that a dose-response relationship is not the most appropriate assumed form for this exposure.
The overall results of analysing the association between the duration of obesity and the risk of type 2 diabetes were not different between a complete case analysis and the analysis using imputed missing values. Nor did the results differ after including/excluding the people who were obese at baseline. The analysis of only those participants who had no missing values of BMI (84?5 % of participants) during follow-up found an adjusted HR (model A) of 1?13 (95 % CI 1?04, 1?23) per 2-year obesity duration, similar to the HR of all included participants, i.e. 1?12 (95 % CI 1?08, 1?15). Exclusion of those participants who were obese at baseline (n 586, 47 %) was associated with an adjusted HR of 1?13 (95 % CI 1?08, 1?18) per additional 2 years' increase in the duration of obesity. Sensitivity analysis of the effect of the duration of obesity definition also demonstrated a similar finding for duration defined as the total number of examinations with obesity (data not shown).
Sensitivity analysis comparing the effect of being continuously obese for several examinations (n 1124) compared with interrupted periods of obesity (n 132) showed a similar adjusted HR (model A) for the group of continuously obese and for the group with interrupted obesity: HR 5 1?11 (95 % CI 1?08, 1?13) and 1?11 (95 % CI 0?99, 1?24) per additional 2 years' obesity duration respectively.
Discussion
The present study has found that the duration of obesity is significantly associated with an increased risk of developing type 2 diabetes. The association was still significant even after adjusting for current BMI. The exact nature of this exposure-disease relationship differed according to both sex and age of onset of obesity. The effect of additional increases in the duration of obesity appeared to be stronger for men, with each additional 2 years' increase in the duration of obesity associated with an approximately 11% increased risk of diabetes. A dose-response relationship was clear for men, whereas for women it was apparent in those with an age of onset of obesity of ,50 years, but less clear for those with older age of onset. Regardless of these differences, in every analysis there was evidence of a longer duration of obesity being associated with increased risk of developing type 2 diabetes.
Nowadays, people are exposed to obesity for longer than in previous decades as a result of the increasing prevalence of obesity at a younger age (2, 20) . Our results suggest that increasing exposure to obesity might accelerate the incidence of type 2 diabetes in the future. Although the biological mechanism that underlies the association between the duration of obesity and risk of chronic diseases is still unclear, several experimental studies have reported that the duration of obesity might be associated with partial exhaustion of b cells (21, 22) , and the resultant insulinopenia may cause depressed glucose oxidation and impaired glucose tolerance (21) . Whether the effect of the duration of obesity is mediated through insulin resistance and/or through the effect on insulin secretion is largely unclarified (23) . Resistance to glucose disposal is strongly associated with obesity and results in high fasting and post-load serum insulin concentrations. Prolonged duration of obesity could conceivably worsen this resistance and result in even higher serum insulin concentration. However, a study of residents of the Gila River Indian community of southern Arizona showed a different result (5) and the authors suggested that a long duration of obesity might be associated with a low insulin response rather than with insulin resistance.
Our study was the third study examining the association between the duration of obesity and risk of type 2 diabetes using measured height and weight derived from a prospective cohort study. A key strength of our study was the measurement of weight and height at 2-year intervals for almost 50 years. A further strength of our study was that we were able to adjust for a large number of potential confounding variables including health behaviour-related variables, age of onset of obesity and time-varying BMI.
Our study found a slightly stronger relationship between duration of obesity and risk of diabetes than the two other cohort studies (5, 8) . In Everhart et al. (5) the participants who were obese for .10 years had a risk of diabetes more than double that of those who were obese for ,5 years. In our study, the risk was almost five times as high (recalculated using similar cut-off points for the duration of obesity to make the results comparable). If our results were compared to Wannamethee and Shaper's (8) study, the risk of diabetes for those who were obese for .5 years compared to those who were obese for ,5 years was three times higher in our study. The differences in our findings are likely to be due to the differences in the study populations and in the analytical methods used.
Variation in the effect of the duration of obesity between men and women was highlighted in our study. In Wannamethee and Shaper's (8) study, the focus was only on men, whereas in the Everhart et al.'s (5) study, although men and women were included in the study, the result was reported for men and women combined. The higher risk of type 2 diabetes per additional 2 years' increase in the duration of obesity for men compared with women was particularly strong for women with an older age of obesity onset. The reason for this is as yet unknown and requires further investigation. It is in contrast with the effect of severity of obesity on the risk of diabetes, which is higher for women than men. The gender differences might relate to body composition, insulin resistance, energy balance (24) and fat metabolism (25) . In men, greater visceral fat and elevated fat content in the liver are most likely due to the absence of the protective effect of oestrogen found in premenopausal women. This absence leads to increased insulin resistance in individuals with increased visceral adiposity. The exact mechanisms involved have not been identified, but could be related to adipocytokines such as adiponectin, leptin and others.
An important limitation of the present study relates to the sample population. The original Framingham cohort study began in 1948 and the prevalence rates of obesity and type 2 diabetes were relatively low at that time. The prevalence of obesity in the 1950s was below 10 % (26) . It could be argued that the results of the present study might not reflect the current population, in which the prevalence rate of obesity is higher than 50 years ago. In 2008, the prevalence of obesity among adults in the USA had reached approximately 30 % (27) . Future research using contemporary, regularly observed body weight from a long-term cohort study is recommended.
The present study analysed the duration of obesity separately from the degree of obesity. Further research analysing the interaction between both degree and duration of overweight and obesity is needed -for example, estimating the risk of type 2 diabetes for every additional excess 'BMI-years' analogous to the 'pack-years' concept used for smoking. It will be important to also determine whether the duration of obesity is an independent predictor of an increased risk of other chronic diseases such as musculoskeletal disease, CVD and cancer. In the future, the duration of obesity needs to be taken into account in calculating the burden of disease and in estimating the future burden of type 2 diabetes.
Conclusion
The present analysis shows that the duration of obesity is a relevant predictor of the risk of type 2 diabetes, independent of the actual level of BMI. This suggests that in the future we need to take into account the duration of obesity in our obesity prevention strategies to delay the onset of obesity as well as to limit its duration.
